Abstract. How cell and tissue interactions lead to complex organ structures and differentiated cell types during organogenesis is one of the most fundamental questions in developmental biology. The embryonic lung and kidney of the mouse are useful models for studying the molecular mechanisms of morphogenesis, and in both of these organs, the epithelial bud undergoes a characteristic branching process. This review discusses the potential role of an extracellular matrix molecule, type XVIII collagen, in the generation of the branching patterns in the lung and kidney and how its experimental respecification in tissue recombinants between the ureteric bud and lung mesenchyme correlates with changes in expression of signaling molecules such as sonic hedgehog and changes in cell fate as judged by ectopic expression of the lung surfactant C gene.
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Interactions between epithelial and mesenchymal tissues induce proliferation and branching of the epithelium into the mesenchyme in many organs such as the lung, kidney, pancreas, and tooth bud. Epithelial branching morphogenesis is crucial for the establishment of organ-specific structures, and the patterns of branching are not random but under developmental control, at least during the early branching generations (1) . In the early mammalian lung, for instance, the epithelial bud sprouts and sends out lateral branches in typical, invariant positions.
Epithelial branching may be inherent to the epithelium itself or regulated by tissue interactions between the epithelium and mesenchyme (2, 3) . Studies of the mechanism of branching morphogenesis in lower organisms such as Drosophila melanogaster have suggested that a small number of signaling molecules may be responsible for the control of the epithelial branching process. Drosophila serves as a useful system when screening for additional factors involved in the branching process. The respiratory system of the Drosophila trachea, for example, is governed by the fibroblast growth factor (FGF) signaling pathway, which is reiteratively regulated to contribute to patterning through successive rounds of branching. FGF signals are also expressed in the mammalian lung and implicated in its development (1, 4) . There are other signals in addition to FGF, however, that have also been implicated in the control of branching in the mammalian kidney (5), namely signals from the TGF-␤ superfamily, glial cell line-derived neurotrophic factor (GDNF), which is expressed in the kidney mesenchyme and apparently binds to a RET receptor that is expressed in the ureteric bud and contributes to the control of branching (6, 7) . Roles have recently been demonstrated for pleiotrophin (HB-GAM) and Wnt2b as well in promoting epithelial branching (8, 9) .
The extracellular matrix (ECM) is an important component for regulating morphogenesis during embryogenesis. It not only provides a physical substratum for the spatial organization of cells but also may play a more active role in inductive tissue interactions by controlling the activities of growth factors, for example (10) . Type XVIII collagen is a recently identified ECM molecule and basement membrane component that belongs to the collagen family of proteins and is expressed as three major variants (11) (12) (13) (14) (15) (Figure 1 ). It also functions as a part-time heparan sulfate proteoglycan (PG) (14) and may regulate growth factor function in this way, as PGs have been implicated in growth factor signaling (16) . The longest of the three variant N-terminal noncollagenous domains contains sequences with homology to the frizzled proteins (11, 17) , and as the latter are Wnt receptors, this variant of collagen XVIII may also function as a putative extracellular antagonist of Wnts. In addition, the Cterminal non-triple-helical domain of collagen XVIII contains a potent peptide named endostatin that inhibits angiogenesis and possibly thereby tumorigenesis (18, 19) . A knockout of the type XVIII collagen gene performed recently in the mouse was shown to lead to delayed regression of blood vessels in the vitreous body and impaired outgrowth of the retinal vessels, which suggests that collagen XVIII/endostatin is a critical factor for normal blood vessel formation in the developing eye in vivo (20) . In this review, we discuss the role of type XVIII collagen in organogenesis with reference to the kidney and lung and describe an experimental system in which type XVIII collagen was found to be reorganized in association with changes in epithelial epigenesis.
Expression of Type XVIII Collagen in Embryonic Lung and Kidney Is Developmentally Regulated
At the initiation of lung and kidney organogenesis (E10.5), when the epithelial bud grows into the mesenchyme, the type XVIII collagen mRNA and protein are uniformly present in the epithelial bud in both of these organs. During the formation of the first epithelial branches, expression of this collagen type in the lung is localized in the epithelial tips and is lost from the stalk area, whereas the opposite pattern is observed in the kidney (21) (Figure 2 ). This differential expression persists during later developmental stages and suggests developmental roles for type XVIII collagen.
Lung Mesenchyme Is Sufficient to Repattern Expression of Type XVIII Collagen from Kidney to Lung Type in the Ureteric Bud
What specifies the differential expression of type XVIII collagen in the two organs, and does it play a role in branching morphogenesis? To answer these questions, we performed a tissue recombination experiment in which the lung mesenchyme was co-cultured with the ureteric bud. As expected, homotypic recombination of the ureteric bud with the kidney mesenchyme or of the lung epithelial bud with the lung mesenchyme restored the in vivo patterns of type XVIII collagen expression, but, interestingly, when the ureteric bud was recombined with the lung mesenchyme, this led to a complete shift in type XVIII collagen expression from the kidney type to the lung type, i.e., from the stalk region to the epithelial tip Figure 1 . Schematic model for the molecular structure of mouse type XVIII collagen. Type XVIII collagen is a member of the collagen superfamily of extracellular matrix molecules. It is expressed in three variants, with the amino acid sizes of the various portions of the molecule as indicated. The locations of noncollagenous and collagenous areas, the endostatin domain, regions homologous to the frizzled (fz) and thrombospondin-1 (tsp) motifs, putative attachment sites for glycosaminoglycan (GAG) and asparagine (N)-linked sugars, and the arginineglycine-aspartate (RGD) sequence are indicated. The signal peptides for the variants are shown by hatching, and the locations of cysteine residues (C) are indicated. Figure 2 . Expression of type XVIII collagen in the embryonic lung bud and kidney. Type XVIII expression is localized to the tips of the epithelial bud of the lung (A), whereas the opposite expression pattern prevails in the kidney (B), where it is lacking in the ureteric tips but is expressed in the stalk region of the ureteric bud. (C) Recombination of ureteric bud with lung mesenchyme has repatterned type XVIII collagen expression from the stalk region (seen in B) into the epithelial tip (as in A). The E11.0 ureteric bud was preincubated with Glial cell line-derived neurotrophic factor (GDNF) before recombination to induce competence in it to branch with lung mesenchyme. (Figures 2 and 3) . When the lung epithelial bud was recombined with kidney mesenchyme, no branching was induced and type XVIII expression was lost from the epithelial tips, pointing to a correlation with induced epithelial branching. Hence, lung mesenchyme signaling is sufficient to repattern type XVIII collagen expression in the ureteric bud to resemble a pattern of the lung type.
Type XVIII Is Essential for Ureteric Bud Branching with Lung Mesenchyme In Vitro
Repatterning of type XVIII collagen from the kidney to the lung type is associated with changes in epithelial epigenesis toward the lung type of branching (21), but is it essential for reshaping the branching process? An anti-all-type XVIII collagen (ELQ) antibody recognizing all three type XVIII collagen variant polypeptides was used to test the role of the repatterning process in reprogramming ureteric branching morphogenesis (21) . Lung organogenesis is normal after an addition of 120 g/ml preimmune IgG to the culture medium, so this can serve as a control. During the 3-d culture period, the number of lung epithelial tips increased in the preimmune IgG-treated explants, whereas treatment with the anti-all ELQ led on average to a 34% decrease in the number. We thus may conclude that type XVIII collagen is essential for normal lung morphogenesis in vitro. When the same antibody was used in heterotypic tissue recombinants between the ureteric bud and lung mesenchyme, it completely blocked ureteric branching, suggesting that type XVIII is of importance for epithelial branching in the ureteric bud in the presence of lung mesenchyme. Figure 3 . Experimental respecification of type XVIII collagen expression from kidney to lung type. Type XVIII collagen is initially expressed uniformly in the epithelial buds of the lung epithelium (LE) and the ureteric bud (U). During the early stages of epithelial branching in the lung, it becomes localized in the epithelial tip region (yellow area), whereas the expression pattern in the kidney is the opposite, expression being lost from the ureteric tip and localized in the epithelial stalk region (yellow area). When the lung mesenchyme is experimentally recombined with the ureteric bud, the type XVIII collagen is repatterned from the stalk region to the tips, i.e., its expression pattern changes from the kidney to the lung type. This reorganization is accompanied by induced expression of Sonic hedgehog and the lung surfactant C gene, and the ureteric bud also changes its epigenesis toward the lung type. GDNF is important for generating the competence for the epithelium to branch with the lung mesenchyme, and Wnt2 is a candidate lung mesenchyme-derived signal that may contribute to the repatterning process.
Altered Ureteric Bud Branching as a Response to Lung Mesenchyme Signaling
It was of interest to analyze whether the ureteric bud changes its morphogenesis in the presence of lung mesenchyme. This was monitored by computer skeletonizing of the branches of ureteric buds seen in homotypic and heterotypic tissue recombinants. Analysis of the epithelial skeletons suggested a change in ureteric epigenesis toward that of the early lung type in the heterotypic recombinants, where the position of the first branches of the secondary buds and the number of ureteric bud tips assumed values close to those observed for lung epithelial branching (21, 22) .
GDNF as an Inducer of Ureteric Bud Competence to Branch with Lung Mesenchyme
Although earlier studies had shown that the ureteric bud of the E11-d-old mouse embryo is not able to branch with mesenchyme of nonkidney origin (23), more recent studies have revealed that an E.11.5-stage ureteric bud that has branched once has obtained a competence to develop with mesenchyme originating from an E11.5 lung (24) . Hence, branching of the epithelial bud with lung mesenchyme is stage dependent and is apparently potentiated by kidney mesenchyme-derived signals that trigger the branching process. Our studies have pointed to a critical role for GDNF in the generation of competence for the E11 ureteric bud to branch with lung mesenchyme (21) . Beads soaked with GDNF induce loss of type XVIII collagen from the ureteric tips and lead to subsequent induction of branching in the ureteric bud, hence the competence to branch correlates with loss of type XVIII collagen from the ureteric tips. We conclude that GDNF is a critical inducer of this competence in the ureteric bud in cross-talk with lung mesenchyme.
Repatterning of Type XVIII Collagen Expression in the Ureteric Bud Is Accompanied by Ectopic Induction of Lung Surfactant C and Sonic Hedgehog Expression
Although GDNF signaling leads to downregulation of type XVIII collagen expression in the ureteric tips, GDNF is not the factor that induces subsequent repatterning of the expression of this collagen in the tips with the lung mesenchyme. To monitor for signals that could be involved in inducing the expression of type XVIII collagen in the ureteric tips and the repatterning epithelium, we screened for the expression of certain genes that have been implicated in lung development after type XVIII collagen antibody blocking (21), including Sonic hedgehog (Shh) (25) , Wnt2 (26) , and FGF10 (27) . Wnt2 expression was markedly reduced in the lung mesenchyme after treatment with the anti-all type XVIII collagen antibody, suggesting a role for Wnt2 signaling in the control of type XVIII collagen expression. Wnt2 expression also persisted in the mesenchyme in the tissue recombinants between the lung mesenchyme and the ureteric bud, suggesting a role for it in lung-type signaling. A more direct experiment with cells expressing the Wnt2 signal would be needed, however, to establish its role fully. Moreover, the analysis demonstrated a correlation between type XVIII collagen and Shh expression in the epithelial tissue of the kidney and lung and also ectopic Shh expression in ureteric bud tips in the lung mesenchyme-ureteric bud tissue recombinants, suggesting that Shh could be a mediator of type XVIII collagen repatterning and also contribute to changes in epithelial development.
When expression of the lung surfactant C (SpC), which serves as a marker of the type II pneumocytes, was analyzed to monitor potential changes in cell differentiation markers in the heterotypic tissue recombinants, ectopic expression of SpC was observed in the tips of ureteric buds in the recombinants between these and lung mesenchyme, as was the case with type XVIII collagen and Shh (21) . Hence, lung mesenchyme signaling may have changed the status of cell differentiation in the ureteric buds.
Role of Type XVIII Collagen in Epithelial Development
The lung mesenchyme seems to be able to reprogram the development of ureteric bud epigenesis in the tissue recombinants toward the early lung type. This may be deduced on the grounds that the embryonic lung mesenchyme completely respecifies type XVIII collagen expression in the ureteric bud, shifting it from the epithelial stalk to the distal tip, so that it is identical to that in the lung. This shift correlated with changes in the expression of Shh and the SpC gene, both of which were also localized in the epithelial tips. This suggests that the lung mesenchyme may also be able to respecify cell differentiation in the kidney-derived ureteric bud toward that of the embryonic lung, i.e., it seems to act on the ureteric bud in the manner of an instructive inducer.
We do not know how the loss of type XVIII collagen from the ureteric tips occurs or how expression is maintained in the stalk of the ureteric bud, but it is likely that constant remodeling of the ECM at the growing tips of the invading ureteric bud is needed for branching to take place, and it is possible that the loss of type XVIII collagen from the tips allows epithelial branching to occur. Matrix metalloproteases (MMP) and their inhibitors, tissue metalloproteases (TIMP), are expressed in the mesenchyme and epithelium, respectively, and their expression is regulated by many cytokines and growth factors that are expressed in the embryonic lung and kidney, e.g., TGF-␤ and EGF (for a review, see 28). MMP2 and MMP9 are also expressed in the kidney mesenchyme adjacent to the branching ureteric bud at E11.5 (29) and have been implicated in Wnt signaling (30) . Experiments should be conducted in the future to test whether these MMP could play a role in the degradation of type XVIII collagen.
When considering the potential developmental role of type XVIII collagen, we should remember that it could bind Wnts to the bronchial epithelial tips and thereby concentrate them and promote the characteristic morphogenesis of the epithelial type in the lung. It also functions as a PG (14) , and as PGs are necessary for Wnt signaling (31) , it thus could play a role in this signaling, which is known to be important for kidney development, as demonstrated in the case of Wnt4 or Wnt11 in the kidney (24; for a review, see 3). Wnt2/2b is expressed in the mesenchyme of the lung adjacent to the tips, in common with type XVIII collagen, whereas Wnt7b is expressed in the epithelium (21) . Hence, type XVIII collagen may play a role in modulating Wnt signaling and thereby also in branching morphogenesis. Shh, in turn, could also regulate the expression of Bmp4 and/or Wnt2 in the adjacent lung mesenchyme and contribute to branching in this way, a hypothesis also favored by Bellusci et al. (32) . Glypican 3 has recently been shown to be a receptor for endostatin, which has been found to promote branching of the ureteric bud (33, 34) . Hence, proteolytic processing of type XVIII collagen at the ureteric tip may directly promote ureteric branching in the kidney via the resulting endostatin. Taken together, our data support a model in which differences in morphogenesis between organs undergoing epithelial branching may be regulated by localized patterning cues in the epithelium and mesenchyme. The matrix, including such locally expressed molecules as type XVIII collagen, could play a role in localizing inductive signals that contribute to morphogenesis of the epithelium by controlling cell division and adhesion, for example, which are apparently critical for epithelial branching. The ureteric bud and lung mesenchyme tissue recombination assay system may serve as a useful experimental model to study the molecular mechanisms by which the differences in form appear during organogenesis.
